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Nanotechnology and nanomaterials attract a tremendous amount of interest from 
academia and industry with over US$ 67.5 billion spent by the world governments for 
nanotechnology based research over the past decade. As of 2011, this figure stands at 
about US$ 10 billion per year worldwide and is increasing. The past decade saw the 
development of numerous applications of nanomaterials ranging from sensing and 
biological assays to cancer treatment, bio-imaging, drug delivery and solar energy 
harvesting. Most applications especially like optical and biomedical require tight 
control over nanoparticle sizes and shapes.    As nanomaterials based research reaches 
maturity, the translation of such discoveries to real world technologies is limited by 
the ability to synthesize speciality nanomaterials with careful control over 
morphologies in large quantities. Microfluidics has emerged as a promising tool for 
controlled synthesis of nanomaterials, but has mostly been limited by the complexity 
of operation, costs and extremely small throughputs. This thesis aims to develop a 
microfluidic method for the facile synthesis of nanomaterials with dynamic control of 
morphologies, and the further scale-up such a system for achieving higher production 
rates, maintaining the tunability and control possible in microreactors. 
This work focuses on the synthesis of a special class of nanomaterials: plasmonic 
gold-silica nanoshells. Moving away from traditionally used liquid phase reducing 
agents, a gaseous reagent: carbon monoxide is used in this work. A novel droplet 
microfluidic method using a parallel channel configuration is first developed for the 
easy and safe integration of a toxic gas like CO in the reactor. Exploiting the 
exquisitely controlled gas-liquid contacting made possible using this method and the 
enhanced transport and mixing in microscale droplets, broad tunability of 
morphologies (gold coverage over silica) and hence optical properties is 
vii 
 
demonstrated. Finally, building upon the parallel channel concept for introducing 
gases into the system, a scaled-up millifluidic method is developed. Optimizing the 
process parameters, upto 25 times increase in production rates compared to the chip 
based method is demonstrated with excellent control over nanoparticle morphology. 
This work aims to pave the path ahead for scale-up of microfluidic methods for the 
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Nanoparticles and Nanoshells                                                          
 
Silica-Gold nanoshells and nanoislands are a special class of plasmonic nanomaterials 
that have garnered a lot of interest in the past decade. Beginning with an introduction 
to metallic nanomaterials the advantages of such gold nanoshells are discussed. Some 
of the important applications of gold nanoshells are reviewed. Finally the 
conventional techniques for synthesizing these core-shell structures and the challenges 
involved are discussed to better understand the need for developing alternative 
microfluidic techniques for their synthesis, which is the focus of the forthcoming 
chapters. 
1.1 Gold nanoparticles and nanoshells 
Nanomaterials today have far flung applications from medicine
1-3 
to enhancing oil 
recovery from reservoirs
4, 5 
and have tremendous attention from the research 
community as well as industry
6-8
. Gold based metallic nanomaterials and metal-
dielectric hybrid nanomaterials synthesis will be the focus of this work.   
Metallic nanoparticles suspensions have fascinated men for centuries with their 
unique optical and surface active properties not observed in their bulk forms. From 
the stained glass of roman times, to the famous Purple of Cassius
9
 in the seventeenth 
century to Faraday’s sols10, gold nanoparticles have attracted immense attention. The 
colours exhibited by nanoparticle suspensions was attributed to the absorption and 
scattering of light by the particles by Gustav Mie in 1908
11
. Metals are great 
conductors of heat and electricity due to the overlap of the conduction and valence 
bands and the highly delocalized nature of the electrons. When the size of metals is 
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reduced to dimensions smaller than the mean free path of the electrons, intense 
absorption in the near UV and visible part of the spectrum is observed. This is due to 
the coherent oscillation of the free electrons on the surface of the metals at a 
frequency equal of that of the electromagnetic wave.
12, 13
 This is known as surface 
plasmon resonance (SPR). Noble metals especially gold and silver are unique, 
because their free electron densities lie in a range which makes their nanoparticles 
exhibit SP peaks in the visible region
14
. The brilliant colour of nanoparticle 
suspensions is due to this phenomenon. This resonant frequency has been known to 
depend on the type of metal, their dielectric environment and crucially on the size and 
shape of the nanoparticles. As the size or shape of the nanoparticles change, the 
change in the surface geometry causes a shift in the electric field density on the 
surface resulting in a change in oscillation frequency of the electrons.
15 
Manipulation 
of the frequency and hence the wavelengths at which particles absorb and scatter light 
has been done for years by mainly varying their sizes and shapes and their dielectric 
surroundings.  Metallic nanomaterials especially gold of different shapes and sizes 















 and more.   
Bottom-up methods (starting from molecular level to desired structures) are widely 
used for the controlled synthesis of metallic nanomaterials. The mechanism of 
formation of nanoparticles usually involves two steps: nucleation followed by 
growth
27
. Most metallic nanoparticle syntheses (leaving aside kinetically controlled 
growth mechanisms
28
 of anisotropic particles) are characterized by very fast 
nucleation and growth kinetics. Tight control over the nucleation and growth stages is 
necessary
29, 30 
to obtain monodisperse sizes and shapes of such nanoparticles. 
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The limitation here is that the tunability of the plasmon resonance of solid gold 
nanoparticles is restricted as the resonance frequencies shift to longer wavelengths 
only with increasing particle sizes and the plasmon response to size change is found to 
be weak.
31
 Capitalizing on the fact that the plasmon resonance also depends on the 
dielectric constant of the surrounding medium, the attachment of solid nanoparticles 
to larger beads or supports was found to give unique optical properties.  In the late 
1990s, the Halas group at Rice University introduced a new type of hybrid particle 
where a dielectric nanoparticle: silica was decorated with gold nanoparticles
32
.  This 
new breed of metallodielectric nanoparticles known as gold nanoshells exhibited 
enhanced optical properties compared to solid nanoparticles of equivalent size.
33
 The 
equivalent plasmon response of a nanoshell was attributed to the interaction of 
plasmons, characteristic of a sphere and a cavity.
34
 The unique property was the facile 
tunability of the optical response by changing the physical characteristics. Unlike gold 
nanoparticles gold nanoshells could be used to access a wide range of wavelengths. 
By changing the control parameters like size of the silica core, thickness of the shell 
and coverage of gold over the silica surface, SP bands of these particles could be 
shifted continuously from wavelengths ranging from the visible to the near-infrared 
regions of the electromagnetic spectrum
31
. This kind of functionality provided a great 
amount of freedom to design such particles and tailor them for specific applications. 
Spherical gold or silver nanoparticles could not be used to achieve this kind of facile 
optical response. Other nanoparticle geometries that displayed such shape based 
tunability were obtained when anisotropy was introduced, the most popular among 
which has been gold nanorods.
31
 The plasmon in nanorods could be tuned by varying 
their aspect ratios. The aspect ratio defines the two resonance frequencies 
corresponding to the interaction of light with the longitudinal and transverse 
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dimensions of the nanorods.
12
 Nanorods are produced by introducing shape inducing 
agents like surfactants during the growth step of the synthesis.
35, 36
 By adhering to 
specific facets of the nuclei the surfactants do not allow further deposition and growth 
in those facets thereby introducing anisotropy.
37, 38
    Nanorods and this family of 
nanomaterials have been useful for various applications especially for bio-imaging 
and therapy.
18, 39
  Nanorods are mostly synthesized using CTAB (cetyl 
trimethylammonium bromide), a surfactant which as mentioned earlier acts as a 
shaping and importantly as a capping agent. Due to the cytotoxicity of CTAB, 
applications of nanorods are currently limited.
40
 Also since they are highly surfactant 
stabilized, the loss or removal of these surfactant layers or just storing for prolonged 
time periods causes them to lose their shape. Nanoshells on the contrary are 
structurally stable, and have been found to be benign and biocompatible and can be 
further surface functionalized with a variety of substrates for different applications: 
biological and otherwise.  Ever since their conception by Halas and group, this family 
of core-shell structured nanomaterials have received much attention and fuelled 




Fig 1.1: (a) Theoretically calculated optical resonances of metal nanoshells over a range of shell 
thicknesses.32 (b) Plasmon response of a nanoshell due to the interaction between a sphere and a cavity 
plasmon.31 (c) Tunable optical properties of gold nanorods39 by changing the aspect ratios - Top: TEM 
images of nanorods with increasing aspect ratios from left to right; Bottom left: Colours exhibited by 
aqueous nanorods suspensions; Bottom Right: Corresponding UV-Vis spectra of the nanorods 
suspensions. 
 
1.2 Gold Nanoshell applications 
The facile ability to tune the absorption frequency of gold nanoshells has been their 
greatest advantage. The ability to tune the resonance of nanoshells near the infrared 
part of the spectrum combined with their bio-compatibility and their ease of 
bioconjucation make them ideal for a variety of biomedical applications
41, 42
. The two 
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major focus areas as far as application of nanoshells go have been bio-imaging and 
photo thermal therapy. The near-infrared part of the spectrum called the “water 
window” is the region where the physiological transmissivity of tissues and blood is 
the highest and where they act transparent letting light to penetrate through them with 
minimal heating and scattering limited attenuation. Light in this spectral region has 





Conventionally organic fluorescent dyes and NIR dyes such as indocyanine green 
have been tested and used as contrast agents for imaging cancer cells. Even though 
optical imaging using such dyes is cheap, it is limited by weak optical signals and lack 
of contrast between the tumorous and surrounding benign tissues. Gold nanoshells 
owing to their excellent absorbance properties and biocompatibility have been used 
effectively for such imaging purposes
44
. Compared to a dye like indocyanine, gold 
nanoshells have been found to be more than a million times more absorbent towards 
NIR light. Thus excellent contrast can be achieved using such nanomaterials. Also the 
structural stability of nanoshells makes them less susceptible to in-situ chemical or 
thermal degradation than conventional dyes. The ability to functionalize the nanoshell 
surfaces easily with bio-molecules or conjugate with antibodies and biomarkers make 
selective uptake possible. Thus the nanoparticles attach only to the targeted malignant 
tissues and not the surroundings thereby making contrast based imaging easier (Fig 
1.2a). Halas and West have demonstrated conjugation of nanoshells with anti-HER2 






Non invasive thermal ablation of tumors involves the administration of a minimal but 
lethal dose of heat to the target tissues. Conventionally this is done by placing probes 
in the interstices or between cavities. Ultrasound, Laser, RF and microwave therapies 
which are extracorporeal have also been demonstrated.   However all such therapies 
suffer from the same limitation: non-specific delivery of heat resulting in death of 
surrounding tissues. Tumor specific heat treatment has been done by heating iron 
oxide nanoparticles using altering magnetic fields. However for effective treatment 
this method needed large quantities of iron nanoparticles to be delivered to the tumor 
sites.  
Gold nanoshells can be easily conjugated with biomolecules so that they specifically 
attach to the target cells and can be used for high contrast imaging as discussed in the 
previous section. Since nanoshells are intense absorbers (a million times stronger than 
conventional dyes), when NIR light of the resonant wavelength of the nanoshells is 
administered, the amount of heat generated locally due to the conversion of the 
electron kinetic energy to thermal energy is capable of destroying the surrounding 
tissues. Due to the leaky nature of cancer tissues, nanoparticles smaller than 400nm 
have enhanced permeability and retention within such cells, making therapy more 
effective and localised
45
. Halas and West have demonstrated extracorporeal photo 
thermal ablation of tumors in-vitro as well as in-vivo (in mice). Using PEG 
functionalised NIR absorbing gold nanoshells and NIR lasers, they were able to 
induce localised cell death confined to the nanoshell treatment area (Fig 1.2a). 
Interestingly incubation of these cells with PEG coated nanoshells without any NIR 






1.2.3 Drug delivery 
The same principle of heat generation by absorption at resonant wavelengths has been 
exploited for controlled release of drugs. Drug-laden temperature sensitive hydrogel 
embedded with nanoshells, when exposed to light, experience temperature increase 
due to the heat generated at the surface of the nanoshells thereby causing the 
hydrogels to rupture and release the contents. Acrylamide based reversible polymeric 
hydrogels embedded with gold-gold sulphide nanoshells that absorb at the NIR part of 
the spectrum have been demonstrated for controlled drug delivery
46
. When exposed to 
NIR laser the hydrogels collapse thereby releasing the contents. Due to the sudden 
collapse the drugs experience convective release into the environment. When the NIR 
source is stopped, the gels swell back in sometime thereby stopping drug release. 
 
Fig 1.2: (a) Combined imaging and therapy of SKBr3 breast cancer cells using HER2-targeted 
nanoshells.45 The top row shows the increase in contrast during imaging while using target specific 
functionalized nanoshells. The middle row shows the highly localized cell death using anti-HER2 
functionalized nanoshells. Bottom row shows the silver staining assessment to determine nanoshell 
binding (dark spots)   (b) Gold nanoshells for blood immunoassays UV-vis spectrum of disperse 
nanoshells  and spectrum of nanoshells/antibody conjugates following addition of analyte.47 
 
1.2.4 Bioassays 
Nanoshells due to their strong optical signals have been used for immunoassays to 
determine target analyte concentrations in blood. In conventional optical 
immunoassays carried out under visible light, several purification steps are involved 
since a variety of biomaterials present in the sample absorb visible light. Nanoshells 
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that absorb in the near IR part of the spectrum can be conjugated with antibodies that 
interact with the specific analyte of interest. In the presence of the analyte the 
nanoshells in the blood aggregate to form dimers. The formation of dimers causes a 
red shift in the plasmon response of the suspension (Fig 1.2b).
47
 When conducted 
using near-IR light, the optical signals by other biomolecules present in the blood is 
minimal and careful quantification of the target analyte can be carried out. 
1.2.5 Harnessing Solar energy 
Due to the greatly tunable nature of the optical properties of nanoshells they have 
been recently even used to more efficiently harness solar energy. By tailoring the  
 
 
Fig 1.3: (a) Schematic of nanoparticle-enabled solar steam generation49 (b) The tuning of the  
absorption cross section of the gold nanoshells to overlap the solar spectral irradiance.49 (c) Plasmonic 
light-trapping geometries for thin-film solar cells – a: Trapping of light scattered by plasmonic 
particles at the surface of solar cell; b: Light trapping by the excitation of localized surface plasmons in 
metal nanoparticles embedded in the semiconductor; c: Light trapping by the excitation of surface 
plasmon at the metal/semiconductor interface.50 
 
shape and size of gold nanoshells and creating a mixture of these particles such that 
they absorb strongly across the solar spectrum, maximum utilization of sunlight can 
10 
 
be done (Fig 1.3b).
48
 Halas and group have used this technology for developing solar 
steam generators. The intense heat generated at the surface of the nanoparticles when 
light is incident upon them is used to evaporate the surrounding water (Fig 1.3a).
49
  
Such tailored nanoshells have also been tested to be used in photovoltaic cells in order 




1.3 Nanoshell synthesis and challenges 
The synthesis of silica-gold core shell nanostructures is carried out by growing 
nanometre scale gold film onto colloidal silica pre-seeded with small gold 
nanoparticles. The silica nanoparticles are synthesized separately, using the now 
standard one step Stober / modified Stober process
51
 or the seeded growth process for 
synthesizing silica particles of larger sizes with high monodispersity
52
. In order to 
decorate the silica surface with gold nanocrystals, its surface is first modified with 
functional molecules to enhance coverage of gold. The surface is modified commonly 
by using various silanes
53, 54
. The most commonly used APS (3-aminopropyltriethoxy 
silane) is a bi-functional organic molecule having an ethoxy group on one end and NH 
group on the other. The ethoxy group forms a bond with the OH terminated silica 
surface thereby making the surface now NH terminated. Gold nanoparticles in the 
range of 2-4 nanometres are synthesized by reducing chloroauric acid by 
tetrakishydroxymethylphosphonium chloride (THPC) which also acts as a capping 
agent
55




When introduced into a 
solution containing the APS coated silica particles, these gold nanoparticles attach to 
the surfaces due to electrostatic attraction.     In order to grow a shell onto the seeded 
surface, a gold plating solution is used. The plating solution is an aged mixture of 
chloroauric acid and potassium carbonate. Addition of potassium carbonate increases 
11 
 
the pH to about 7.5 and results in the hydrolysis of gold chloride to form various gold 









This speciation of chloroauric acid has been shown to favour the size 
controlled gold nanoparticle synthesis. However at higher pH (pH> 10), Au(OH)4
-
 
species is seen to dominate which has been found to have lower tendency to be 
reduced therebye affecting nanoparticle synthesis and growth. To initiate the growth, 
the seeded silica particles are added to the plating solution in the presence of a 
reducing agent.  
 
Fig 4: (a) Schematic of the steps involved in nanoshell synthesis54 (b) Top: Schematic of reduction of 
gold ions over the surface of silica in the presence of gold seeds; Bottom: Different stages of growth of 




 ions from the plating solution are reduced to Au
0
 onto the silica surface, 
catalysed by the pre-seeded gold nanoparticles on the lines of electroless plating. This 
causes the existing gold nanoclusters on the surface to grow and coalesce to form 
nano-islands and eventually form a continuous gold shell.  
The nanoshell growth method was first demonstrated by the Halas group using 
sodium borohydride as the reducing agent
53
. However NaBH4 being a very strong 
reducing agent, it gave rise to secondary nucleation thereby causing non-homogenous 
growth as well as colloidal gold formation in the surrounding liquid phase. Graf and 
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van Blaaderen later adopted the use of hydroxylamine hydrochloride as the reducing 
agent which resulted in good nanoshells
54
. Halas later demonstrated the use of 
formaldehyde with ammonium hydroxide for synthesizing silver nanoshells that was 
adopted even gold nanoshell synthesis
57
. This method in particular gave smooth 
nanoshell morphologies.  Recently Halas and group extended the use of carbon 
monoxide, a gas that has been previously used for a variety metal nanomaterials 
synthesis
58-61
, for the synthesis of gold nanoshells.
62
  
Here instead of formaldehyde or hydroxylamine hydrochloride, CO acts as a reducing 




. CO dissolves in the 
aqueous solution containing the reagents and reacts with water thereby providing the 
necessary free electrons. 
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The reduction of Au
+3
 from the salt to Au is a two step process. The Au
+3
 is initially 
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During the gold shell growth, CO adsorbs on the surface of the existing gold 
nanoparticles and reacts with water to give carboxyhydroxyl intermediates which then 
dissociate to give carbon dioxide and free electrons. These free electrons are then 
taken up gold chloride- hydroxide species physisorbed on the nanoparticles and are 
reduced to Au
0
. The existing seed gold nanoparticles, as mentioned earlier, behave 
like a catalyst by acting as a conduit for electron flow from CO to the gold salt as the 





The morphology of nanoshells has been reported to be influenced by the reducing 
agent used and using CO was found to produce thinner shells
62
 than  all other liquid 
phase reagents; a quality that is highly desirable from the point of view of plasmon 
tunability (thinner shells lead to resonance at longer wavelengths). Even though liquid 
phase reagents have been used widely for materials synthesis gaseous phase reagents 
are gaining popularity due to their inherent advantages; they do not degrade with time 
as is common with their liquid analogues, produce simple by-products, and are easy to 
separate from the liquid-phase reaction mixture. Nanomaterials synthesis invloves 
careful control over reagent concentrations, but many liquid phase reagents lose 
activity or degrade over time thereby rendering them useless and causing variations in 
the experimental conditions; for example sodium borohydride (NaBH4) has to be kept 
cooled before usage to avoid hydrogen gas evolution causing reduction in activity. 
However gaseous reagents are highly stable and can be stored for extended periods 
without any loss of activity.  The other major advantage is the ease with which the 
gaseous reagents can be separated. In wet chemical methods the addition of excess 
reducing agent is not uncommon to ensure complete reaction. The separation of the 
excess reagents then becomes a post processing challenge. Reagents like 
formaldehyde and hydroxylamine hydrochloride that are used commonly for gold 
nanoshell synthesis, are highly toxic, making their careful removal imperative when 
the end product is needed for biomedical applications. While using gaseous reducing 
agents like CO, by-products like CO2 and the excess gas escape into the ambient 
atmosphere making a separation step unnecessary. Carbon monoxide has also been 
known to adsorb easily onto gold surfaces, which has raised concerns about the safety 
of the gold nanoparticles synthesized thereof. However supported gold nanoparticles 





, thus making the likelihood of residual carbon monoxide bound 
to gold nanoshell surfaces highly remote. 
The ease of separation of gaseous reagents also makes rapid reaction quench possible 
which is difficult while using liquid phase reagents.  
Due to the high dependence of optical properties on the size, shape and morphology 
of such nanoparticles tight control over these characteristics becomes essential. 
Synthesis of such gold nanoshells using electroless plating is usually characterized by 
rapid autocatalytic reaction kinetics. Duraiswamy and Khan, in a diffusion controlled 
environment estimate shell growth rates upto 200nm/sec with the growth going to 
completion within seconds
64
. Growing uniformly thick shells on all particles to get 
monodisperse populations thus requires rapid reagent dispensing and homogenization. 
Carrying out such syntheses involving fast kinetics in batch scale methods using 
stirred vials or reactors, makes the process highly mass transfer controlled. The 
mixing induced by traditional stirrers proves to be insufficient and slow resulting in 
pockets of inhomogeneities within the reaction mixture. This causes different extents 
of shell growth on particles at different places within the reactor resulting in 
polydisperse product populations
65
. Improper mixing also leads to nucleation and 
growth of gold nanoparticles outside the silica surface in the surrounding liquid phase. 
Valuable gold precursors get wasted as a result and the product requires an additional 
post-processing / cleanup step. It is therefore not surprising that even in single-phase 
solution based methods, nanoshells with control over morphology are synthesized 
only in small volumes using conventional flask-based batch processes, with limited 
reproducibility and often insurmountable issues with scale-up. The use of a gaseous 
reducing agent in conventional batch synthesis, while conferring several advantages 
as noted above, exacerbates the problem of reagent addition and homogenization, as 
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an additional inter-phase mass transfer step comes into the picture. Scale-up of such 
sensitive syntheses for large scale production thus becomes highly challenging 
especially if gaseous reagents are used.  Moreover, safety concerns are associated with 
the usage of reactive gases such as CO in the laboratory or pilot plant scale because of 
their high flammability and/or acute toxicity. 
1.4 Overview 
As batch scale methods faced such challenges for nanoshell synthesis and otherwise, 
microfluidics emerged as an effective platform for continuous synthesis of such 
particles where the inherently high surface to volume ratios and enhanced mass and 
heat transport properties gave the advantage of better control over the population size 
and particle morphology.  It also came with the promise of easy scale up using 
parallelization and pile-up for large scale commercial synthesis of nanomaterials that 
may be required in the future. Microfluidics for nanomaterials synthesis and 
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The rise of gold nanoshells as a new kind of material and a superior counterpart to 
solid nanocrystals was discussed in the previous chapter. Controllable and 
reproducible synthesis of such metallodieletric nanoparticles in small batch volumes 
let alone in large scale was recognised as the major challenge. Microfluidics as a 
platform for nanomaterials synthesis is the focus of this chapter. Starting from a brief 
discussion of the fundamentals and features of microfluidics, nanomaterials synthesis 
methods developed using this platform, with a focus on metallic and semiconductor 
particles are reviewed.  Finally the microfluidic techniques currently established for 
nanoshell synthesis and their limitations are discussed thereby setting the stage for 
understanding the motivation behind and novelty of the current work described in the 
following chapters. 
2.1 Rise of Microfluidics 
The challenges faced in reproducible synthesis of gold nanoshells described in the 
previous chapter are common to a variety of other nanomaterials especially metallic 
and semiconductor particle chemistries with fast kinetics and harsh conditions. With 
increasing difficulty in carefully synthesizing complex nanomaterials the community 
turned its attentions towards Microfluidics. Microfluidics refers to the technology of 
handling fluids confined in channels with cross sectional dimensions in the size range 
of micrometres. The origins of miniaturized flows can be traced back to the 
development of gas-phase chromatography (GPC) and high-pressure liquid 
chromatography (HPLC) based microanalytical methods which involved analysis of 
minute samples in small capillaries
66,67
. With the development of the 
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photolithography techniques for microelectronics microelectromechanical systems 
(MEMS) and increasing need for better and efficient analysis methods for the then 
booming field of genomics and molecular biology, microfluidics as a field was born 
in 1990
68
. Introduced as Micro Total Analytical System (µ-TAS) where different steps 
or unit operations for analysis could be incorporated together onto a small device, the 




Even though µ-TAS and microfluidic chips were inspired by the microelectronics 
industry the rapid change in the fundamental physics with miniaturization was greater 
and more apparent in the former.  The characteristic features of flows in such 
dimensions and its unique advantages are discussed below
70, 71
.  
2.1.1 High Surface to Volume ratios 
One of the most obvious but important effect of miniaturization is the huge increase in 
surface area to relative volume by several orders of magnitude. The high surface to 
volume ratio results in efficient heat and mass transfer in such flows since more 
interface is available for transfer to occur. Thus creation and homogenization of 
chemical or temperature gradients is faster.  
2.1.2 Mass Transport 
Mass transport or mixing for either laminar or turbulent flows ultimately depend son 
molecular diffusion.  The characteristic diffusion time scale τ = L2/D where L is the 
diffusion length and D is the diffusivity. When the length scale is brought down from 
centimetres or meters to micrometers the time needed for homogenization drastically 




2.1.3 Low consumption volumes 
The fluids handled in microfluidics are in the nanolitre or microlitre volume range. 
This is greatly advantageous for expensive chemical and biological assays where 
reagent volumes available are extremely small and valuable. This also enables safe 
handling of toxic or hazardous reagents. This is one of the main reasons for the 
development of numerous point of care devices using the microfluidic platform, that 
can be carried anywhere due to the small physical footprint and use very low sample 
volumes.  
2.1.4 The numbers game 
 Microfluidic flows can be characterized by certain dimensionless numbers that 
describe the interplay of different physical phenomena in these length scales.  
I. Reynolds number: Laminar flows 
The flows in microchannels are highly laminar and operate at very low Reynolds 






Where d is the channel dimension, U is the velocity, ρ is the fluid density and µ the 
viscosity. 
With micrometer sized dimensions and velocities in the range of centimetres/sec, the 
Reynolds number for liquid flows can range between the orders of 10
-6
 to 10. This 
shows that the inertial forces are irrelevant in this flow regime. This has enabled 
highly ordered laminar flow patterns like co-flowing streams where transport is only 





II. Peclet Number:Mixing 





Where U is the flow velocity, w is the cross sectional length of the microchannel and 
D is the diffusivity. 
Peclet numbers in microchannels usually lie in the range of 10 to 10
5
. Thus 
convective transport is almost always faster. Laminar flows with high Pe, where only 
molecular diffusion is dominant has been used for laminar flow patterning where 
confinement between the co-flowing laminar flows is important; for careful separation 
based on diffusivities of the analytes
72,73 
and even studying reaction kinetics
74
. The T-
mixer and H-mixer type microfluidic devices were widely popular for such studies. 
Some applications like studying kinetics of fast reactions or nanomaterials synthesis 
require extremely rapid mixing of different streams containing reagents. Single phase 
flows in microchannels are laminar in nature and the turbulent convective mixing 
observed in macroscale flows is absent. Here, as mentioned earlier, diffusive mixing 
is slow compared to convection of materials along the channel. For such flows, the 
distance along the channel that is required for complete mixing to occur (U l
2
/D) is 
directly proportional to the Peclet number and increases with higher Pe.  In order to 
induce fast mixing transverse flows need to be generated. Ultimately the distance over 
which diffusion must occur for homogenization must be reduced. For laminar flows 
this is achieved by chaotic advection where fluid elements are stretched and folded 
exponentially enhancing mixing. The staggered herringbone mixer
75
 with asymmetric 
grooves patterned on the channel walls generates transverse components in the flow 
inducing chaotic mixing. Using chaotic advection, the distance over which complete 
mixing occurs scales logarithmically with Peclet number and not linearly. This 
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method also drastically reduces axial dispersion commonly observed in the parabolic 
flow front in laminar flows.  
III. Capillary Number:Multiphase flows 






Here, U is the flow velocity, µ is the viscosity and γ is the interfacial tension. 
Capillary numbers in microchannel flows is less than one. In the case of multiphase 




. Thus interfacial forces dominate in 
microfluidics. With high surface to volume ratios and dominant capillary forces, there 
exist a lot of opportunities for carefully manipulating flows in such channels. 
Functionalization of channel walls to establish wettability gradients for generating 
flows and inducing flows through channels by capillary forces have been 
demonstrated
70
. But the most interesting and widely used application of manipulating 
surface forces has been for generating high stable multiphase flows: immiscible 
liquid-liquid flows and gas-liquid flows
76-78
.  
The droplet microfluidic platform has gained a lot of attention and has been used for 




. Here one of the liquids 
which preferentially wets the wall forms the continuous phase and the other liquid 
(usually the reagent) forms the dispersed phase. Compartmentalization and isolation 
of nanolitre volumes into such emulsions is the major advantage over single phase 
flows
81
. Droplet flows in microchannels also experience shear induced recirculatory 
flows (vortices) which highly enhance mixing within them
82
. Faster mixing by chaotic 
advection can also be induced by flowing droplets through winding channels. With 
complete isolation each droplet can act as well stirred reaction flask. This feature has 






Single phase flows suffer from insufficient solely diffusion based mixing. They also 
face the problem of axial dispersion due to the parabolic velocity profiles.  The 
micromixer modules available to speed up mixing and channel patterning techniques 
to induce chaotic advection are complicated and require difficult fabrication steps. All 
these problems make homogeneous flows unsuitable for conducting fast reactions. 
Also in material synthesis, contact of the reagents with the channel walls causes 
fouling of the reactor walls. Droplet microfluidics circumvents all these problems. 
2.2 Microfluidics for nanomaterials synthesis 
The enhanced mass and heat transfer characteristics, high surface to volume ratios and 
the ability to exercise precise control over the reactant flow, contact and mixing led to 
the pursuit of microfluidics as a platform for synthesis of nanomaterials. Over the past 
decade, numerous research groups around the world have demonstrated synthesis of a 
variety of nanomaterials ranging from co-block polymers and hydrogels to quantum 
dots and gold nanoparticles
84-86
. The section reviews some of those works. The focus 
here will be on inorganic nanomaterials, especially metallic nanoparticle synthesis.  
2.2.1 Single phase microfluidic methods 
I. Semiconductor nanoparticles 
Single phase laminar flow methods were adopted in the initial days of nanomaterial 
synthesis using microfluidics. One of the first demonstrations of this was by the 
deMello and group in Imperial College London for the synthesis of cadmium sulphide 
nanoparticles (CdS quantum dots)
87
. They employed a glass-silicon-glass sandwich 
device with channels etched on both sides of the silicon wafer. The two reagents 
sodium sulphide and cadmium nitrate entered through the two inlets on two sides of 
the reactor. After the inlet, the channels were split into 16 parallel channels to induce 
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mixing after which the two reagents from the 16 channels meet each other, mix, react 
and converge into one channel and exit the reactor. In order to avoid aggregation 
sodium polyphosphate was added to the cadmium precursor before entering the 
reactor. 
II. Oxide nanoparticles 
Ali-Abou Hassan and group used the homogeneous continuous flow method for the 
synthesis of iron oxide- silica nanoshell type structures
88
. They used a set of three  
 
 
Fig 2.1: (a) Schematic of the single phase multistage microreactor system for gold and silver 
nanoparticle synthesis and TEM image of the gold nanoparticles synthesized in this system using 
sodium borohydride.91 (b) Schematic of the microreactor system for multistep synthesis of iron oxide-
silica nanoshell structures and TEM images showing the nanoshells obtained.88 (c) Photograph of the 
silicon-pyrex microreactor for gold nanoparticle synthesis. The photo also shows the deposition of gold 
on the channel walls after usage.89 
23 
 
coaxial silica-capillary in PDMS–Glass microreactors (Fig 2.1b) for conducting the 
three different steps involved in the process. In the first step, functionalization of the 
pre-synthesized Fe2O3 with APTES molecules is performed. Mixing of this particle 
suspension with the silica precursor TEOS was done in the second reactor. In the final 
reactor ammonium hydroxide was introduced to the above mixture to facilitate the 
formation of a silica shell over the iron oxide nanoparticles. In all the three reactors, 
3D co-axial flows were used, where one of the reagents is injected co-axially with the 
other reagent and mixing occurs by flow focusing.  Magnetic and fluorescent stable 
oxide nanoshells could be synthesized using this method. 
 
III. Gold nanoparticles 
The microfluidic method was adopted for gold nanoparticle synthesis many times by 
different groups. Due to the rapid nucleation kinetics, shape and size control were a 
big problem in conventional synthesis and microreactors were adopted to overcome 
this challenge. Wagner and Kohler were one of the first to try gold particle synthesis
89
. 
In their first attempt they utilized a simple silicon-pyrex reactor (Fig 2.1c) with 
serpentine channels and three inlets for the three reactants. Small gold nanoparticles 
(seeds) in the 12nm range produced off chip by the citrate reduction method were 
used as one of the reactants. Ascorbic acid (reducing agent) and the gold seeds first 
meet near the inlet and flow through the channels. Midway, the third gold chloride 
stream joins the main channel and the reaction occurs through the course of the 
remaining length of the channel. 15 to 24 nm gold nanoparticles were produced using 
this method.  
The same group demonstrated a method for synthesis directly from the precursors 
instead of starting from gold seeds
90
. Here they used a silicon-pyrex based chip where 
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intermittently the channel split into two and then quickly converge, so as to increase 
the mixing between the two reagents. Ascorbic acid was again used as the reducing 
agent. Polyvinyl pyrrolidone was used a stabilizing agent to prevent product 
aggregation. 5 to 50 nm gold particles were synthesized in this case with narrow size 
distributions.  
Recently the same group demonstrated a general multiple stage microreactor system 
for synthesis of any type of metal nanoparticle
91
. They built their system using a series 
of 3-4 connected reactors (Fig 2.1a) with a similar split and recombine type channel 
configuration to ensure good mixing. By introducing a water stream, downstream 
from the main inlet but before the reaction occurred they could control the 
concentration as needed. They used sodium borohydride as the reducing agent which 
was introduced in the third reactor after the starting reagents have undergone 
sufficient mixing in the first two reactors. They demonstrated synthesis of 4-7nm 
particles of gold, silver and copper using this method.  
 
2.2.2 Droplet Microfluidics 
Even though the single phase flow methods achieved better size control and 
distributions compared to batch methods, all the methods faced a common problem of 
severe reactor fouling. Since heterogeneous nucleation is more favored than 
homogeneous nucleation, the exposure of the reactants directly to the walls induced 
nucleation and growth on the walls, thereby clogging the channels severely and 
affecting the final product quality.  
Droplet microfluidics where isolation and better mixing of the reagents were possible 
was adopted widely for nanomaterials synthesis. Some of the prominent 
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demonstrations are described in this section. Gas-liquid segmented flow techniques 
are not highlighted here.  
I. Semiconductor nanoparticles 
One of the first demonstrations using droplets was for the synthesis of cadmium 
sulphide and cadmium selenide nanoparticles by Ismagilov and group
92
. Using a 
PDMS based reactor they show the synthesis of CdS nanoparticles and also a multi-
step synthesis of CdS-CdSe core shell particles. The aqueous reagents were 
completely isolated from the channel and were mixed rapidly due to the winding 
channel present immediately downstream from the inlets. The mixing was calculated 
to be achieved in 5 ms after which the residence time of the droplets could be 
controlled by changing flow rates to give different particle sizes. Downstream near the 
outlet another inlet was provided where a quench stream could be injected into the 
droplets in a synchronized fashion to stop the reaction and control the further growth. 
Instead of a quench stream another reagent sodium selenide was introduced into the 
droplets which resulted in CdS-CdSe core-shell particles. The method resulted in no 
fouling of the reactor and they were able to produce quantum dots of different sizes in 
a highly controlled manner. 
The above method was at room temperature but CdSe nanoparticles with crystalline 
morphologies need high temperatures upto 250
o
C. Since PDMS cannot withstand 
such temperatures an easier tube based method was demonstrated by deMello and 
group
93
. Using a robust PTFE based capillary microreactor they synthesized CdSe 
nanoparticles in a droplet platform. The PTFE reactor was immersed in a oil bath and 
was maintained at 250
 o
C to facilitate the reaction. Using the same reactor setup they 




II. Metal Oxides 
Iron oxide nanoparticles are used for applications like magnetic resonance imaging 





 salts in the presence of a base like ammonium 
hydroxide. The reaction is known to be rapid and using homogeneous flows in 
microreactors will cause immediate clogging of the channels. Using droplets can 
overcome the homogenization and fouling problem but using conventional droplet 
formation techniques will lead to clogging at the channel inlet where the reagents 
meet. Frenz and Griffiths developed a droplet microfluidic technique for synthesis of 
such iron oxide nanoparticles
94
. They used a PDMS based reactor with electrodes 
fused into them. They generated surfactant stabilized droplets containing the two 
reagents at different inlets. Downstream the two channels converge, but due to the 
presence of surfactants the two droplets don’t coalesce automatically. As they flow 
together, an electric field is applied and the two droplets coalesce (Fig 2.2b) and mix 
instantaneously to form iron nanoparticle precipitates. Electrocoalescence was thus 
effectively used to control the droplets and the ensuing reaction.   
III. Gold nanoparticles 
Anisotropic gold nanoparticles like nanorods are of much interest due to their 
applications in imaging and catalysis as we have seen earlier. Duraiswamy and Khan 
demonstrated a droplet microfluidic method for size and shape sensitive synthesis of 
such particles
95
. Using a PDMS based reactor they used the seed mediated growth 
method using CTAB as a surfactant for the synthesis of nanorods, spheres and other 
dog-bone type structures. The gold seeds are synthesized off-chip and were introduced 
as one of the reagents. The reagents meet the continuous phase at the T-junction and 
form droplets (Fig 2.2a). The shape (aspect ratios) of the gold nanorods could be 
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controlled on demand by varying the inlet silver-ion concentrations which acts as a 
shape influencing agent.   
Gold-Silver-Gold multiple shell type structures were recently synthesized using the 
droplet microfluidic platform using a capillary reactor by the Kohler group
96
. These 
shell type structures display highly enhanced optical properties compared to 
nanoparticles of the same size. Gold seeds in the size range of 10 nm were 
synthesized off-chip using sodium citrate as the reducing agent. These seeds along 
with silver solution and ascorbic acid were introduced into the reaction tube via a T-
junction. They formed droplets in the continuous phase where a silver shell was 
formed over the gold particle. Downstream they introduce another reagent (gold ions) 
in a synchronized manner into the flowing droplets. Here the gold ions mix into the  
 
Fig 2.2: (a) Schematic of reagent injection and droplet generation in the device used for gold nanorods 
synthesis and TEM images of gold nanorods of different aspect ratios obtained.95 (b) Photograph of the 
device used for iron oxide nanoparticle synthesis showing generation of droplets containing the two 
reagents and downstream coalescence by electric actuation. TEM image shows the iron oxide 
nanoparticles synthesized using this method.94 
 
existing mixture and reaction ensues to form gold-silver-gold type nanoshells. Using 




2.3 Microfluidics and Gold nanoshells 
With silica-gold nanoshells gaining prominence, microfluidic techniques were also 
adopted for synthesis of such hybrid nanoparticles. However unlike semiconductor or 
gold nanocrystals, not many demonstrations exist for nanoshells synthesis using this 
platform. The methods developed until now are discussed in detail in this section. The 
main theme of the thesis is to develop efficient methods that can provide control over 
product and can be eventually scaled-up. These are the factors that are kept in mind 
while reviewing the current methods. 
2.3.1 Liquid phase reagents 
The first demonstration of gold silica nanoshells synthesis in a microfluidic platform 
was shown by Duraiswamy and Khan
64
. They used a liquid phase reducing agent 
(hydroxylamine hydrochloride) for the synthesis. Using a PDMS based chip reactor, 
with silicone oil as the continuous phase they generated plugs containing the aqueous 
reagents. The reducing agent and the gold plating solution containing the silica 
particles flow in separate streams and meet at the inlet junction. The reagents get 
rapidly homogenized due to the intense internal re-circulatory flows in droplets. Sharp 
particle population sizes with well defined gold covered silica particles were obtained 
using this method. But due to the extremely fast kinetics, as the reagents meet, 
instantaneous reaction caused fouling and blockage at the inlet over a period of time. 
The particles generated outside the droplets at the inlet eventually travelled 
downstream causing fouling of the entire channel. To overcome this problem, an inert 
gas like nitrogen was introduced into the channel. With careful manipulation of the 
gas liquid flow rates, they were able to generate regular gas liquid alternate flows (Fig 
2.3a). Such three phase flows with ordered alteration of gas and liquid cells dispersed 
in the immiscible third phase are called foams. The injected gas periodically clears the 
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aqueous streams from the T-junction, thereby preventing reagent buildup and 
nanoparticle deposition. The technique enabled synthesis of particles with different 
gold coverages with very good control over sizes compared to conventional batch 
techniques. The only disadvantage in this method is the manipulation of the fluid 
properties and generation of stable and regular gas liquid flows; which needs expertise 
and cannot be done intuitively. The operational issues here with respect to generation 
of flow patterns and need for continuous monitoring highly affect the scalability of a 
sensitive system like this.  
 Sebastian and Santamaria recently demonstrated a microfluidic method for synthesis 
of gold silica nanoshells
97
. To make process operation simpler and to facilitate scale-
up, they performed the various steps involved in nanoshell synthesis from colloidal 
silica synthesis to gold shell growth, in the microreactor.  To keep things easier they 
employed TEFLON tubing as the reaction tube instead of fabricated chips and used 
single phase, non-segmented flows for synthesis. In order to achieve proper mixing, 
the reagents are flown through a commercially available micromixer before entering 
the reaction tubes. In the micromixer, the reagents split into many streams at the inlet 
thereby achieving mixing by focussing of the streams at the outlet. The functionalized 
silica core particles were first synthesized in the reactor. The gold seed particles were 
prepared separately in batch. The seeding of the silica with the gold nanoparticles was 
however done in the microreactor. Finally using formaldehyde as the reducing agent, 
the gold shell growth step was conducted in the reactor.  
This offers a very easy method for nanoshell synthesis that can be adopted by anyone 
without expertise in microfluidics to obtain particles better than those obtained using 
batch methods. However the method faces the age old problem of reactor fouling. 
Especially the metallic micromixer walls will be subjected to severe deposition due to 
30 
 
heterogeneous nucleation. Also the use of single phase flows in micrometer sized 
tubing will have mass transfer and mixing limitations. The authors also report 
problems of colloidal gold synthesis i.e. nucleation and growth outside the silica 
surfaces, which will need post processing steps. In this method, moving away from 
the droplet platform gives great operational benefits, but not without compromises on 
the product quality. 
2.3.2 Gaseous Reagents 
The use of liquid phase reagents for nanoshell synthesis in a microfluidic platform is 
limited to these two demonstrations.  Gaseous reducing agents as previously 
mentioned are more stable and are easier to separate, but suffer from homogenization 
problems when done in the batch scale. A microfluidic demonstration for synthesis of 




Fig 2.3: (a) Schematic of generation of foams in the microchannels for gold nanoshell synthesis using 
liquid phase reducing agent. Alongside is a TEM image of the gold nanoshells synthesized.64 (b) 
Schematic of generation and merging of droplets and bubbles to form compound droplets for nanoshell 
synthesis using carbon monoxide. On the side is a TEM image of the nanoshells obtained using this 
method.65 
Using a PDMS microfluidic device similar to their previous work described above, 
they demonstrated a three phase system where the reagent containing aqueous slugs 
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and the carbon monoxide (reducing agent) bubbles form compound droplets and flow 
in the microchannel. The droplets and the gas bubbles are formed in separate T-
junctions which merge together downstream in another T-junction (Fig 2.3b). The gas 
and the liquid compartments are separated by a thin film of oil. The carbon monoxide 
then diffuses through this oil film into the aqueous droplet where it gets homogenized 
by the re-circulatory flows. Unlike their previous method where the gas and liquid 
compartments are form at a single T-junction, here the reducing agent and the reagents 
are formed separately in order to prevent immediate contact and reaction thereby 
causing deposition at the T-junction. Monodisperse populations of gold nanoshells 
and nanoislands of varying coverages could be obtained in this method using a 
gaseous reducing agent. The main shortcoming here is again the complications 
involved in operating the system. The proper operation of the method depends on the 
synchronised formation of compound droplets. Operation of such a system would 
need constant monitoring and parallelization for scale would be extremely challenging 
considering the non linear nature of the dynamics of bubble-droplet systems.  
2.4 The path ahead 
Microfluidics and its advantages, and how they were leveraged for nanomaterials 
synthesis were the focus areas of this chapter. The current state of the art as far as 
nanoshells synthesis using microfluidics was also discussed here. Now equipped with 
the knowledge of the technology available and the current challenges in implementing 
microfluidics for nanoshells synthesis, the next chapter introduces a new microfluidic 






Microfluidics for nanomaterials synthesis using 
reactive gases 
The development of a continuous flow multi-phase microfluidic method for gold 
nanoshells synthesis using a reactive gas forms the crux of this chapter. Building upon 
the discussion in the previous chapter, a method that exploits the enhanced transport 
properties of droplet microfluidics and the benefits of a gaseous reducing agent and 
yet is easy to operate and eventually scale-up is presented here. Using a parallel 
channel configuration, the chip based method presented here, enables safe and easy 
integration of carbon monoxide a know reducing agent for metal ions for the synthesis 
of nanoshells.  The exquisitely controlled gas-liquid contacting made possible by this 
method, enables tunable gas-liquid contact times, allowing precise regulation of the 
dosage and mixing of CO into the droplets and thereby the extent of the reaction 
without any need for reaction quench. Thus the tunability of the nanoshell 
morphologies is achieved not only by varying initial reagent concentrations but also 
by simply changing the residence times. Starting from the concept and development 
of the method, the chapter then focuses on operation and control, after which 
synthesis of gold nanoparticles and nanoshells is discussed and finally ends with a 
discussion on the transport phenomena and the salient features of the system.   
3.1 Introduction 
In the previous chapter, gold-nanoshell synthesis using wet chemical batch methods 
and the need for microfluidic continuous flow techniques were discussed. The 
continuous flow methods for gold nanoparticle and gold nanoshell synthesis have the 
disadvantage of insufficient mixing, axial dispersion and RTD problems and most 
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importantly wall deposition, which ultimately leads to reactor clogging and 
breakdown. Droplet microfluidics with its compartmentalization and shear induced 
convective mixing, overcomes the above mentioned challenges and has been 
effectively used for synthesis of gold based nanoparticles. The use of reactive gases 
for nanomaterials synthesis has gained popularity
58-61
 owing to the inherent 
advantages of stability and ease of separation, however is challenging to implement 
for large scale synthesis involving sensitive and fast reactions. Even though droplet 
microfluidics has been preliminarily used for nanoshell synthesis using gaseous 
reagents, it comes with its own complexities in operation making scale-up 
challenging.   
Gaseous reagents have been previously integrated into microfluidic reactors especially 
for organic synthesis in many ways
98-100
. Gas-liquid segmented flow has been widely 
popular due to the enhanced mixing and mass transfer found in such flows
101
. An 
alternative way of introducing gases into the chip that has been recently used is the 
parallel flow design having adjacent gas and liquid reactant channels separated by 
membranes
102, 103
. Such designs have been used for organic synthesis, creating 
concentration gradients along a microchannel
104
, oxygenation of blood in artificial 
lungs
104
, and deoxygenation for enhanced photo-stability in single-molecular study
106
. 
Instead of the dual channel design with the two channels placed one above the other, a 
parallel channel configuration with the channels adjacent to each other is used here
107
. 
Such a design makes fabrication easier and also reduces the possibility of collapse of 
the structure during operation. In the chip, a thin gas permeable membrane physically 
separates a microchannel carrying gaseous CO from another channel carrying a 
segmented flow of monodisperse reagent-filled aqueous drops and immiscible oil 




Figure 3.1. Concept of membrane-based droplet microfluidic device for materials synthesis with a 
reactive gas.  
 
which a segmented train of droplets containing the aqueous reagents is first created at 
a T-junction, and then transits through a parallel-channel network situated 
downstream of the T-junction (Figure 2). CO flows through the parallel gas channel 
and it diffuses through the thin PDMS membrane (200 µm) separating both the 
channels and into the droplets. The CO that diffuses into each droplet gets rapidly 
homogenized due to intense internal convection within translating droplets
82
. Due to 
the high permeability of PDMS to CO, it offers no significant resistance to mass 
transfer of CO in the system
108, 109
 
3.2 Experimental Details 
Materials: 3-aminopropyl tris(trimethylsiloxy)silane (APTTS, 99%), hydrogen 
tetrachloroaurate(III) trihydrate (HAuCl4, 99.99%), tetrakis(hydroxymethyl) 
phosphonium chloride (THPC, 80% in water), sodium hydroxide (NaOH, Reagent 
grade, 97%), acetonitrile (CH3CN, HPLC grade 99.9%), potassium carbonate 
(K2CO3, 99.99%), Octadecafluorodecahydronaphthalene (Perfluorodecalin, Fluka, 
mixture of cis and trans, 95%) from Sigma-Aldrich Co. Ltd., Singapore, were all used 
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as obtained without any further purification. De-ionized water and glassware washed 
in aqua regia and rinsed thoroughly in water were used for all experiments. 
Synthesis of amino-functionalized silica spheres: 230 nm silica particles were 
synthesized by the Stöber method
51
. The surfaces of silica spheres were functionalized 
with APTTS in refluxing acetonitrile. Amino-functionalized silica particles were 




Gold-seeded silica particles: 2-3 nm colloidal gold particles used for seeding the 
amino-functionalized silica was made according to the procedure of Duff et al.
55
 
Under rapid stirring 1.5 mL of 0.2 mM aqueous NaOH and 1.0 mL of 67.7 mM 
aqueous THPC were sequentially added to 45.5 mL of DI water followed by addition 
of 2 mL of aqueous 25 mM HAuCl4. The solution immediately turned brown-red 
indicative of the colloidal gold formation. 150 µL of amino-functionalized silica 
particles suspension with 20ml of colloidal gold solution was shaken for 8 hours at 
room temperature and centrifuged to separate the gold-seeded silica particles. These 
particles were washed three times with water by cycles of centrifugation to remove 
the unattached colloidal gold particles.
53, 54
 
K-Gold Solution: 3 mL of 1 wt% HAuCl4 was taken with  50 mg  K2CO3 in 200 mL 
DI water (1.8mM) and aged for 1 day to produce a colorless gold plating solution, so-
called K-gold, containing gold hydroxide ions.
110
  
Microfabrication: Microfluidic device patterns were fabricated onto silicon wafers 
by standard photolithography using negative photoresist SU-8 2050.
111
 The silicon 
masters were subsequently used to mould polydimethylsiloxane (PDMS) replicas. 
PDMS base and curing agent (Sylgard 180 kit from Dow Corning) were mixed in the 
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10:1 ratio, degassed and poured over the silicon master. After ensuring that no trapped 
air bubbles are present in the poured mixture, it is left to cure at 70
o
C for 2 ½ hours. 
They mould is then removed and carefully peeled off the master. Holes are punched at 
the channel inlets to insert the tubings. The channels and inlets are carefully cleaned 
by scotch tape to ensure no dust is present. The PDMS mould is then bonded to a 
PDMS spin-coated glass slide using air plasma treatment. The device is then left 
untouched for a few hours to ensure proper bonding without air gaps. The device 
inlets are cleaned once again after which the device is plasma treated and the inlet 
PEEK tubings are inserted immediately. The inlet tubings were fixed in position by 
using a 5 minute Epoxy glue. The chip is then placed in the 100
 o
C oven for 24 hours. 
The final step helps in making the channel walls hydrophobic so as to ensure 
complete wetting by the continuous phase. The microchannels have rectangular cross-
section and the details of the channel dimensions are: width and depth of the liquid 
and gas channel are 300 μm and ~124 μm and 100 μm and ~124 μm respectively, and 
the parallel liquid and gas channels are separated by 200 μm. Devices with lengths of 
the parallel channel section of 91.5 cm and 21.8 cm were used for the experiments. 
Microfluidic device setup and operation:  
Carbon monoxide is a highly toxic gas. All experiments are carried out in a well-
ventilated fume hood. 
A schematic of the microfluidic device and experimental setup is shown in Figure 3.2. 
Syringe pumps (Harvard, PHD 2000) were used to deliver perfluorodecalin (‘FO’) 
from three syringes and a mixture of gold-seeded silica particles and K-gold solution 
(‘AQ’) from another syringe to the microfluidic device. Carbon monoxide was 
delivered from a cylinder equipped with a pressure gauge through a PTFE tube 
leading into the on-chip gas-inlet. The reagent concentration was varied in terms of 
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the volume fraction of gold-seeded silica particles (‘fs’) in AQ (‘fs’ is the total volume 
of the silica spheres/total solution volume). The PDMS membrane was pre-saturated 
by flowing CO in the gas channel for at least 1 hour. For synthesizing gold 
nanoparticles, a device with the parallel channel section length of 91.5 cm was used. 
Operating at flow rates of AQ: 3 µL/min and total FO: 9 µL/min, the residence time of 
the reagents in the channel was 170 seconds.  For the experiments with different gold-
seeded silica volume fractions in AQ (fs varied from ~ 2.8 x 10
-5
 to 4 x 10
-5
), a device 
of length of 91.5 cm was used with a constant flow rate of AQ: 5 µL/min and total  
 
Figure 3.2. Schematic of the experimental setup. Insets: (i) stereomicroscopic image of aqueous (AQ) 
droplet formation in fluorinated oil (FO), (ii) aqueous droplets in the parallel channel network; carbon 
monoxide in the gas channel is dosed into aqueous droplets in liquid channel through the intervening 
PDMS membrane. Scale bars: 300 µm. 
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FO: 30 µL/min, corresponding to a residence time of 60 seconds. The residence times 
were calculated using the superficial velocity of the droplets in the channel and 
verified by high-speed microscopic observation. For the experiments with a fixed fs 
and varying residence times, a 21.8 cm long device was utilized. To obtain different 
residence times the flow rates used were: AQ: 3 µL/min and total FO: 4 µL/min; AQ: 
20 µL/min and total FO: 150 µL/min; AQ: 20 µL/min and total FO: 200 µL/min; AQ: 
30 µL/min and total FO: 260 µL/min. Thus residence times ranging from 70 seconds 
to ~2 seconds were achived.   The carbon monoxide gas pressure was maintained at 
10 psig. At the liquid outlet, aqueous colloidal solution was readily phase-separated 
from fluorinated oil. Carbon monoxide gas was vented out from the gas outlet. 
Sample collection and analysis  
The outlet from each microfluidic device was connected via fluoropolymer (FEP) 
tubing to a 2 mL centrifuge tube. Approximately 500 µL of the aqueous sample was 
collected in the tube for every experimental condition. Since the PFD is heavier than 
water the aqueous phase can be easily separated by simple decantation. The separated 
aqueous phase was then gently centrifuged to remove the remaining PFD. The 
purified sample was centrifuged and washed with water 2 to 3 times. Aqueous 
samples containing nanoparticles were analyzed with a UV-vis spectrometer 
(Shimadzu UV-2450). A drop of this sample was placed onto a 200 mesh formwar 
protected copper grid and allowed to dry overnight. The copper grid was then 
analyzed using TEM (JEOL 2010, accelerating voltage 200 kV). 
3.3 Synthesis of gold nanoparticles 
The parallel channel device is first tested for the synthesis of colloidal gold particles 
by CO-assisted reduction of aqueous HAuCl4. Droplets of aqueous 0.3 mM HAuCl4 
were generated in FO and transported in parallel to the CO-filled channel (CO 
39 
 
pressure = 10 psig). The residence time of the droplets in the reactor is around 3 
minutes, thereby giving sufficient time for reduction of gold ions to form gold 
nanoparticles. The pink aqueous phase product at the outlet is then analyzed by UV-
Vis spectroscopy and Transmission Electron Microscopy.  
 
 
Figure 3.3: UV-Vis absorbance spectrum of colloidal gold synthesized using the microfluidic device. 
Insets: TEM image of gold nanoparticles and measured particle size distribution. 
 
The UV-Vis spectrum of the products (Figure 3.3) shows an absorbance spectrum 
characteristic of colloidal gold. Highly monodisperse gold nanoparticles (Inset Figure 
3.3) in the 10 nm range (measured from TEM micrographs) could be obtained from 
this method.  No deposition of colloidal gold on the channel walls took place as the 
contents of the droplets were segregated from the wall by a thin oil film.  
Interestingly, in an experiment where a single phase of aqueous HAuCl4 solution was 
used instead of droplet flow in oil, colloidal gold was seen to immediately deposit on 




Figure 3.4: Deposition of colloidal gold on the wall of liquid microchannel running in parallel to CO 
channel. 
 
CO (Figure 3.4). This observation illustrates the superior operational flexibility of the 
droplet flow over single flow regime for solid nanomaterials synthesis.  
3.4 Gold nanoshell synthesis 
For the synthesis of silica-gold nanoshells, a protocol established by Halas group for 
batch synthesis is adopted. 250(±20) nm pre-seeded silica particles suspended in gold 
salt solution (‘K-gold’ which acts as the Au+3 source) as the aqueous phase (AQ) and 
perfluorodecalin as the fluorinated oil FO is used and CO flow at 10 psig is 
maintained in the gas channel. The residence time of the droplets within the parallel 
channel section is about 60 seconds. CO reduces the gold ions within the aqueous 
droplets onto existing gold seeds on silica spheres. Tuning of plasmon resonances can 
be achieved stoichiometrically by varying the relative amounts of gold ions, reducing 
agent or gold-seeded silica particles in the aqueous solution, thus regulating the extent 
of gold coverage on silica.  
By varying the amount of gold ions relative to the number of silica particles (defined 
as the volume fraction fs of gold-seeded silica particles) in the aqueous feed to the 
microfluidic reactor, different gold coverages on the silica cores are obtained. For 
example, where gold ions are limiting, silica particles covered with either disperse or 
almost coalesced nanoislands (Figure 3.5 a & b) were controllably produced with 
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monodisperse gold coverage for both cases. By further lowering fs, silica particles 
with complete gold shell were obtained with high monodispersity (Figure 3.5c). The 
plasmon band of the core-shell particles with increasing gold coverage shifts 
progressively towards longer wavelengths (Figure 3.5d). Thus, monodisperse core-
shell particles with tunable surface coverage and therefore tunable plasmon resonance 
were synthesized in this continuous platform.  
 
Figure 3.5: Gold-silica core-shell particles obtained by changing only the silica volume fraction in the 
reagents at a fixed residence time of 60 sec: TEM images of 230±20 nm silica particles with: (a) nano-
islands (fs=4 x10
-5 in 0.36 mM K-Gold), (b) almost coalesced nanoislands (fs= 3.4 x10
-5 in 0.37 mM K-
Gold). (c) complete nanoshell (fs= 2.8 x10
-5 in 0.37 mM K-gold). (d) Ensemble UV-Vis spectra for all 
particles (a)-(c). 
 
In order to test the reliability of the platform the device was operated continuously 
over a six hour period, during which samples were collected at one hour intervals. The 
quality of the nanomaterial synthesized was examined by UV-Vis spectroscopy. 
Gratifyingly, all six samples showed overlapping absorbance spectra (Figure 3.6) 
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indicating identical surface coverage. In order to compare the current system with 
batch methods, nanoshells synthesis was conducted in batch (3 ml each) by bubbling 
CO gas into the reagents in a glass cuvette. The same experiment was repeated 5 
times and products were analysed using UV-Vis spectroscopy.  The results clearly 
show 5 different batches produce core-shell materials with significantly different 
coverage (evident from the varied absorption maxima between 750 to 850 nm). Some 
batches even showed presence of gold nanoparticles along with the nanoshells. This 
illustrates the challenges in reliability and reproducibility in conventional 
nanosynthesis, especially when a reactive gas-phase is involved. 
 
Figure 3.6: (a) Ensemble optical absorbance spectra for samples from 5 batch experiments using  fs= 
2.8 x10-5 in 0.37 mM K-gold (b) Ensemble optical absorbance spectra for 6 samples collected during 6 
hours of continuous microfluidic synthesis using  fs= 3.4 x10
-5 in 0.37 mM K-Gold  
 
3.5 Dynamical tunability of particle morphologies 
In the previous case, at all reagent concentrations , rapid microfluidic mass transport 
ensured that a residence time of ~60 s is sufficient to dose each droplet with enough 
CO to reduce all the existing Au
3+
 onto silica. Thus the final gold coverage, and 
therefore plasmon resonance, at nominally ‘high’ residence times is pre-determined by 
the initial [silica]/[Au
3+] ratio in the aqueous feed. From the standpoint of ‘on 
demand’ nanoparticle engineering, tuning nanoparticle morphology just by varying 
43 
 
process parameters (i.e. flow rates and residence times) with feed solutions of fixed 
composition needed to be explored. Such processes based tuning, by operating in a 
CO-limited regime at shortened gas-liquid contact times well below 60 s by varying 
only droplet residence times and thereby regulating the extent of gold coating for fixed 
silica/[Au
3+
] ratio is presented here. 
For the experiments, the same batch of 250(±20) nm pre-seeded silica particles as in 
the previous section is used with the CO pressure maintained again at 10 psig. Short 
gas-liquid contact times in the 1-5 s range are used for these experiments by 
appropriately tuning the relative flow rates of the aqueous and oil phases to access 
high droplet speeds. Silica particle volume fraction fs = 2.8 x 10
-5
 and aqueous gold 
concentration ~0.37 mM are used, such that they are just sufficient to ensure complete 
coverage of all particles by a thin layer of gold at high residence times (> 10 s). The 
system yielded particles (Figure 3.7(b)-(d)) with tunable reduced fractional gold 
coverage ranging from ~0.65 – 0.85 (Figure 3.9(a), obtained by digital image analysis 
of TEM micrographs) with sub-second time resolution in the ~1-5 s range.  Slightly 
higher silica volume fractions (fs = 3.1 x 10
-5
) at the same gold concentration yielded 
similar tunability of surface coverage, albeit with lower final coverage due to the gold 
limiting condition in this case (Figure 3.8 & Figure 3.9(a)).  The UV-Vis signatures of 
the particles obtained are shown in Figure 3.7(e) & 3.9(b), and as seen in the previous 
section the absorbance peaks red shift with increasing coverage. These results 
highlight the remarkable tunability of plasmon resonances over more than 300 nm 
(starting from the 520 nm plasmon peak of the seeded silica) with small changes in 
gas-liquid contact time in the 1-5 s range (Figure 3.7(a) & 3.9(b)). Only a trace 
amount (if any) of free colloidal gold (verified by UV-Vis and TEM characterization) 




Figure 3.7: Gold-coated silica particles obtained by changing droplet residence times at fixed gold and 
silica concentrations. TEM images of 230±20 nm silica particles (fs=2.8x10
-5 in 0.37 mM K-Gold) 
with: (a) pre-attached gold seeds, and (b)-(d) varying degrees of gold coverage. (e) Ensemble UV-Vis 
spectra for  all particles (a)-(d) 
 
to the controlled administration of reducing reagent, the thermodynamic favorability 
of heterogeneous nucleation over homogeneous nucleation and the rapid autocatalytic 
nature of nanoshell synthesis
60
. Thus, particles produced in this process are 
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monodisperse, with uniform gold coverage and do not require any further cleaning or 
purification steps.  
 
Figure 3.8: Gold-silica core-shell particles obtained by changing the residence times with a fixed 
fs=3.1 x10
-5  in 0.37 mM K-Gold : TEM images of 230±20 nm silica particles with: (a) sparse nano-
islands, (b) nanoislands, (c) almost coalesced nanoislands (d) complete nanoshell. 
 
The ability to exert temporal control over the gas-liquid contacting by controlling the 
residence time of the droplets, allowing careful regulation of the amount of CO 
infused into the aqueous droplets is due to the inherently accelerated mass transfer in 
such microscale systems – a capability that is simply unrealizable at the macroscale. 
The next section discusses the salient aspects of mass transfer and mixing in such 
systems. 
3.6 Gas-Liquid mass transfer 
The remarkable tunability of gold coverage arises from the ability to precisely dose 




Figure 3.9: (a) Plot showing fractional coverage (Fc) of gold over the silica cores of particles 
(measured by digital image analysis of TEM micrographs in MATLABTM) synthesized using two 
different but fixed silica particle concentrations (fs=2.8 x10
-5 and fs=3.1 x10
-5 in 0.37 mM K-Gold). (b) 
Plot of absorbance maxima in the UV-vis spectra against residence time for particles synthesized using 
two different but fixed concentrations (fs=2.8 x10
-5 and fs=3.1 x10
-5 in 0.37 mM K-Gold) of silica 
particles. 
 
The synthesis of metal-dielectric core shell nanoparticles such as gold/silver-silica 
nanoshells is carried out using electroless plating which involves the autocatalytic 
deposition of gold on colloidal silica pre-seeded with gold nanoparticles. Such 
electroless plating reactions are known to be extremely fast, making the process mass 
transfer controlled. Since the membrane is thin and highly permeable to gas, it offers 
no significant resistance to the mass transfer of CO. The membrane is pre-saturated by 
flowing CO in the gas channel for at least 1 hour in our experiments. Thus, the 
transport of CO from the membrane wall to the droplets represents the rate-limiting 
step for the growth of gold seeds on the silica particles. 
To support this assumption a comparison of the membrane mass transfer and the 
liquid phase mass transfer resistances is provided. Under steady state conditions the 
flux across the membrane and from the wall to liquid phase will be equal. A simple 
mass transfer model can be written to determine the flux (mol/m
2
-sec). 







       ...... (1)      
Since the kinetics is rapid, assuming instant consumption of CO within droplets, 
liquid side flux is given as                                  
 0L SN k C          ...... (2)       
Where P is the permeability of CO through PDMS, PGAS is the pressure in the gas 
channel (10 psig), Pi is the pressure at the solid-liquid interface and CS is the solubility 







                 ...... (3)                   
Henry’s law constant (H) for carbon monoxide and water is 9.9 x 10-6 mol/m3-Pa.112 




















         ...... (4) 
This equation is of the form Flux= Driving force/Resistance 








   
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The permeability of CO through PDMS has been reported to be in the range of 400 
barrer.
113, 114





volumetric wall-to-liquid mass transfer coefficients (kLa) are tremendously 





Here a is the area per unit volume available for mass transfer. Using a for the specific 
geometry of our system, we obtain kL= 3.93 x 10
-6
 m/s.  
Using these values the two individual resistances (m
2
-s-pa/mol) are determined.  Here, 
the liquid phase resistance is found to be an order of magnitude higher than that of the 
membrane. Therefore, the transport of CO from the membrane wall to the droplets can 
be assumed to represent the rate-limiting step for the growth of gold seeds on the 
silica particles. 
Mixing is extremely rapid within the aqueous droplets due to intense internal 
convection; the mixing time tm (~ 0.1 s) decreases with increasing droplet speed
116
 
and is smaller by at least an order of magnitude compared with the residence times 
used. It is also smaller by at least two orders of magnitude when compared to the 
characteristic time for CO homogenization via pure diffusion (tD ~ w
2
/DCO = 45 s, 




/s is the 
aqueous diffusivity of CO) – a fact that highlights the advantage of using moving 
microscale droplets for multiphase synthesis.  Thus the CO that enters the droplets 
from the wall gets rapidly homogenized and is consumed extremely fast in the 
ensuing reaction. 
Thus a simple mass transfer model that assumes gas-saturated walls and instantaneous 
mixing and reaction of CO within the aqueous drops, predicts that the number of 





t, where Vd is the volume of each droplet (~ 25 nL), Cs is the solubility of CO in 
water (~ 1 mM)
117
 and kLa is a mass transfer coefficient (~0.1 s
-1
). Now, since at least 
14 x 10
-12
 moles of CO are required for complete reduction of ~9 x 10
-12
 moles of 
Au
3+
 in each droplet (at ~0.37 mM), it can be inferred that CO is the limiting reagent 
in the 1 - 5 s range. Furthermore, the uniformity of gold coverage on silica highlights 
the rapid and complete mixing of CO within moving microfluidic droplets at 
residence times that are much smaller than characteristic diffusion time tD (~45 s). 
However these are order-of-magnitude estimates, and represent a lower bound on the 
amount of CO entering the droplets. CO can also enter the aqueous droplets via the oil 
phase; however, since this involves a two-step mass transfer process (wall-to-oil and 
oil-to-aqueous), a reasonable assumption is made that the dynamics are slower than 
the direct wall-to-aqueous transfer of CO.  
3.7 Overview 
A continuous microfluidic method for nanomaterials synthesis using reactive gases 
was presented in this chapter. Exquisite temporal control of gas-liquid contacting and 
mass transfer was enabled by a hybrid droplet-based microfluidic platform. Such 
controlled gas-liquid contacting and gas dosage enables dynamic tuning of the 
morphology (and plasmon resonance) of the nanomaterials simply by varying the 
residence times of the droplets in the microchannel. Highly mono-disperse 
populations of silica-gold nanoshells and nano-islands were synthesized using this 
system with excellent control over morphologies and thereby the optical properties. 
Such truly ‘on-demand’ nanoparticle engineering is nearly impossible to realize in 
conventional gas-liquid batch chemistry or in solution-based continuous processes, 
and is the first demonstration of its kind. Using liquid phase reducing agents in 
continuous as well as batch systems, would require a rapid reaction quench to 
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terminate the progress of the plating reaction at such short residence times, and would 
necessitate, for example, rapid introduction and mixing of a large amount of quench 
fluid into the reactor. This is a very challenging requirement that almost completely 
precludes operation in the short contact time regime, and therefore cannot enable 
simple, robust and tunable nanoparticle engineering by varying operating parameters 
such as flow rates. This platform can also be extended to other contacting schemes 
such as iterative gas dosing at regular intervals or sequential dosing of multiple 
reactive gases into the reaction mixture for aiding multi-step materials or organic 
synthesis.  
Having successfully developed a microfluidic platform for facile nanoshell synthesis, 
the next chapter focuses on one of the main themes of the thesis: scale-up and how it 















Scaling-up nanomaterials synthesis 
 
The previous two chapters discussed the development of microfluidic methods for the 
synthesis of speciality plasmonic nanomaterials. With a robust and easy microfluidic 
method that allows facile control over particle synthesis now developed, the next step 
is the scale-up of the process to achieve higher throughputs that in the future can 
achieve commercial scale production. Scale up is one of the main objectives of the 
thesis and the work done in this chapter aims to achieve this and includes some 
discussion on the finer aspects of scale-up. Moving away from the conventionally 
employed parallelization and numbering up of microfluidics reactors, the chapter will 
introduce an alternative and easier way where just an order of magnitude increase in 
the length scales brings about increased productivity and tremendous improvements in 
the economics and ease of operation.  
4.1 Introduction 
Nanotechnology today is a multi-billion dollar industry
118, 119 
with more money and 
resources being pumped in for nanomaterials based fundamental and applied research. 
Having garnered interest for over a hundred years, with advancement in techniques 
for synthesis and characterization, the last two decades have seen a great leap in the 
state of the art of nanoscience.  Plasmonic and semiconductor nanomaterials 
especially have been the forerunners, gaining much attention with exciting discoveries 
leading to applications ranging from sensing and biological assays to cancer 
treatment, bio-imaging, drug delivery and solar energy harvesting 
17,31
. With the 
demand for nanomaterials with highly precise properties increasing, for fundamental 
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and applied studies, the last decade saw microfluidics fill in the gap where 
conventional methods with their inconsistencies failed. With successful 
demonstrations of continuous and reproducible production of a variety of 
nanomaterials the lab on a chip platform was a game changer for materials synthesis. 
Droplet microfluidics in particular gained attention, owing to the enhanced transport 
and mixing within droplets and the absence of wall deposition, for careful metallic 
and semiconductor NPs synthesis usually involving complex and fast chemistries 
However, today even as nanomaterials based research attains maturity, the 
commercialization and hence the outreach of such discoveries has been highly 
limited
120
.  One of the major challenges that the field faces in translating the findings 
and laboratory demonstrations into applied technologies in the real world, is the large 
scale, reproducible, cost effective and sustainable synthesis of such nanomaterials
120, 
121
. Applications for example of plasmonic nanoparticles in next generation 
photovoltaic cells
48
,  high efficiency solar water heaters
49
 and photo catalysts
122
 that 
have been recently demonstrated will need larger volumes of nanoparticles.  The 
commercially available nanoparticles are produced using batch methods where scale-
up becomes highly challenging for difficult chemistries. Due to the economies of 
scale, the difficulty in quality control during scale-up and the niche demand until now, 
the costs involved for such syntheses is usually large thereby escalating the prices. 
Even though microfluidics has been a viable platform, it is limited by the inherently 
small production rates restricted to microscale volumes and the difficulty of 
fabrication and operation. A successful scale-up demonstration using batch methods 
has been for gold nanorods by the groups in UIUC and Rice University
123, 124
 and has 
been commercialized and is sold by a start-up company named Nanopartz. However 
materials involving very fast kinetics and harsh reaction conditions have not been 
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mass produced and the supply is highly limited. With the lack of scaled-up processes 
that are commercially viable microfluidics faces the challenge to be a relevant 
technology. The future of nanotechnology and that of microfluidics for synthesis of 
nanomaterials lies in the development of high throughput, scaled up methods that 
achieve the same level of control over size and morphology. 
4.2 Scale-up in Microfluidics 
The traditionally adopted technique for scale-up in microfluidics has been 
parallelization or pile up of microreactors. This usually involves the operation of 100s 
or 1000s of microreactors simultaneously or stacked together in the form of modules 
with flow splitters to increase throughputs. Multiplexing or parallel processing has 




 and provide detection of multiple targets with high resolution of results 
with very low consumption of the sample
129
. Fluidigm from Stanford University has 
been one of the pioneers in making this kind of technology commercially available. 
Numbering-up has been widely used for increasing throughputs in chemical synthesis 
that involve harsh reaction conditions or sensitive reactions for pharmaceutical 
applications. Stacked-up silicon or metal based chip microreactors have been 
demonstrated for liquid phase reactions such as amide formation 
130
 and gas-liquid 
hazardous reactions such as fluorination
131
 and ozonolysis 
132
. Such reactor modules 
have also been demonstrated for pharmaceutical synthesis involving organometallic 
reactions that have been adopted by the industry.
133
 Numbered-up capillary 
microreactor systems have similarly been demonstrated for reactions such as 
polymerization involving highly reactive species. 
134 
One of the few commercial 
ventures to come out of this technology for chemical transformation is Velocys. They 





 With a compact physical footprint, these reactors have 
been deployed in ships to get the factory to the natural gas source rather than piping 
the gas to the refineries. 
Droplet microfluidics has been the most reliable platform for nanomaterials synthesis 
with excellent reproducibility as discussed in the previous chapters. However 
parallelization for droplet based reactors can be challenging. The simple parallel 
channel based gas-liquid contacting method is easy to operate with a single chip, but 
when 10s or 100s of such chips are put together for parallel operation, the 
complexities involved are enormous. Droplet generation using pumps individually for 
each chip is not economical. High frequency droplet generating mechanisms have 
been demonstrated, 
136-138 
however careful routing of such huge libraries to 100s of 
reactors can be highly challenging due to the highly non-linear and stochastic 
behaviour of droplets in networks. Even though active methods for controlling droplet 
flows in networks for example using electric and magnetic actuation have been 
developed,
 139-141
 they are not economical and easy to operate.  Gas-liquid flow 
distributors have been demonstrated for parallelized microreactors with upto 60 
reaction channels in each chip, 
142
 however they are limited by the difficulty in 
fabrication, setup and operation.  For single phase chemical synthesis considerable 
increase in throughputs can be attained by parallelization. But in speciality 
nanomaterials synthesis the amount of actual solids processed a.k.a solid loading per 
unit volume is usually very less. For example in gold nanoshell synthesis this loading 
per unit volume is 10
-5
 gm/ml. The particle loading can be increased 
stoichiometrically with the precursor concentrations, but it has its limitations. Increase 
in the particle volume fraction increases the chance of shear driven orthokinetic 
aggregation
143
 as the particles are in constant motion within moving droplets. Particle 
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laden droplet flows have also been shown to demonstrate sedimentation and 
aggregation. The particles within the droplets are suspended due to vortices generated 
in such flows. Particles have been observed to settle at the stagnation zones in the 
droplet rear
144
. With increasing particle concentrations at the rear droplet cap, the 
local viscosity increases thereby causing more stagnation and capturing of more 




particles/ml), even nanoparticles (with 
low settling velocities) have been found to get segregated at the rear cap. At the cap 
region, due to the extremely high particle volume fraction, DLVO type aggregation 
sets in; this ultimately affects product quality. Thus processing capacity of the actual 
products is limited.  Hence while using microchannel reactors with nanolitre droplets 
the number of reactors for high product throughput needs to be large. Scale out of 
microfluidic methods for nanomaterials synthesis- droplet based or single phase, by 
far has not been reported.  
4.3 “Milli-fluidics” 
Millifluidics in contrast to microfluidics consists of flows confined in channels with 
the characteristic dimensions in the millimetre range. However this mere order of 
magnitude increase in the length scales brings about great advantages especially for 
nanoparticle syntheses where the actual solid product processability is limited. The 
origin of multiphase flows and reactions in millimetre sized channels can be traced 
back to the 1970s when catalytic converters were introduced to reduce NOX and CO 
emissions in cars. Such reactors due their shape and structure were called honeycombs 
or monoliths.  Initially designed to be used for gaseous reactions, they later found use 
in gas-liquid heterogeneous catalytic reactions.
145-147
 Starting from the 1980s 
monolithic reactors were extensively studied and used for improving mass transfer in 
multi-phase reaction systems. The hydrodynamics and transport phenomena of 
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multiphase flows in monoliths have ever since been exhaustively studied and 
documented. 
148, 149
 The Taylor or the slug flow regime where gas bubbles of lengths 
greater than that of the tube diameter move along the capillary separated by liquid 
segments was widely popular due to the enhanced transport and mixing 
characteristics.
150, 151
 Taylor flows in monoliths have been demonstrated to improve 
greatly, numerous commercially relevant gas-liquid reactions and have been adopted 




 and Corning Inc.
154
 In the past 
decade the use of single and multiphase capillary based millifluidic systems for 
chemical and materials synthesis and discovery, and intensification and improvement 
of existing processes has gained considerable attention. Much work has been done on 
studying such systems for liquid-liquid extractions and chemical synthesis. Modular 
flow distributors for multiphase gas-liquid flows have recently been developed where 
Taylor bubbles streams are generated and uniformly distributed to 8 parallel reactors 
for increasing throughputs.
155, 156
 A system of 8-10 reactors, with increase in the 




Capillary based segmented flow reactors for scale-up of nanomaterials synthesis have 
started to gain attention in the community with few existing demonstrations. High 
throughput precipitation based synthesis of BaTiO3 and ZnO nanoparticles was 
shown by Aimable and group 
157
 in EPFL. Using a robust tubular reactor, liquid-
liquid segmented flows were used for high temperature synthesis of such particles. 
Production rates upto 50 gm/hr of the solid product was possible using the tubular 
reactor. For speciality nanomaterials synthesis there weren’t any reports for scale-up 
until very recently.  Using a droplet based tubular reactor system Krishnadasan and 
deMello
158
 showed high throughput synthesis of quantum dots CdSe nanoparticles. 
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Using a simple flow distribution system they modestly scale-out their system to 5 
tubular (PTFE) reactors and were able to produce upto 145g/day of CdTe 
nanocrystals. 
4.4 Concept and development 
As discussed in the previous sections, capillary based segmented flow reactors have 
gained popularity and have shown to exhibit excellent mixing and enhanced mass 
transport properties. Taking cue from this platform, a capillary tube based “milli-
fluidic” method is employed for scaling-up synthesis of complex nanomaterials, 
moving  away from the conventional parallelization techniques used in microfluidics. 
The synthesis of plasmonic silica-gold nanoshells and nano-islands introduced in the 
previous chapters is shown using this platform. In order to retain the advantages of 
using a reactive gas, the same droplet microfluidic based synthesis method using 
carbon monoxide, previously demonstrated in a chip is ported into the capillary 
platform. In order to introduce a gaseous reagent into the tube based platform, a tube-
in-tube parallel flow configuration [Fig 4.1 & 4.2] is used. Here a highly gas 
permeable polymer tubing is positioned inside another tubing which is pressurised 
with a gaseous reagent. The gas then permeates through the inner tubing into the 
liquid reagents flowing within. Such tube in tube configurations have been 
successfully demonstrated for Hydrogenation, Carbonylation and other such gas-
liquid reactions by Steven V Ley’s group159, 160 at Cambridge University. Such 





Figure 4.1: Concept of tube-in-tube based droplet milli-fluidic reactor for materials synthesis with a 
reactive gas.  
 
A biphasic liquid-liquid segmented flow forms the main part of our system similar to 
that in our microfluidic method. The aqueous droplets are generated in the fluorinated 
oil which acts as the continuous phase and the droplet train flows through a highly 
permeable PTFE (TEFLON AF 2400) tubing. Since the continuous phase (FO) and 
the PTFE tubing are essentially fluorocarbons, the wetting properties are found to be 
excellent. The highly hydrophobic nature of TEFLON further makes the generation of 
water in oil slugs easier. The TEFLON tubing forms the inner part of the tube in tube 
setup with a stainless steel tube acting as the outer enclosure. The carbon monoxide 
gas is flown through the outer tube and is maintained at constant pressure. The carbon 
monoxide then permeates through the Teflon membrane (300um thick) into the 
biphasic system. By pre-saturating the membrane it is ensured that it offers little or no 
resistance to the mass transfer into the system. The gas enters the droplets through 
two routes: 1. From the wall through the thin liquid film into the droplets 2. Into the 
droplets via the liquid slugs. The gas that enters the droplets is quickly homogenised 
due to the enhanced convective mixing found in such liquid-liquid slugs even in these 





4.5 Experimental Details 
 
Materials: Silica particles, THPC gold seeds, seeded silica particles and K-Gold 
solution were all prepared as described in the previous chapter. PTFE TEFLON 
tubing was purchased from OmniFit UK. 
 
Capillary reactor setup: A schematic of the experimental setup is given in Fig 4.2. 
PTFE (TEFLON AF 2400) tubing of 1000 micrometer ID and the standard 1/16 inch 
OD is used for all the experiments. The stainless steel outer tubing of 0.6 m length 
was fabricated in NUS. The inlet and outlet of the SS tube were tightly fit with 
Swagelok fittings with the PTFE tubing fitted in place using appropriate ferrules. The 
CO gas cylinder equipped with a pressure gauge was fitted with an additional 
Swagelok needle valve; the outlet of which was connected to a 100 micrometer PEEK 
tubing of about 1 meter in length. PTFE tubings of 250 um were used to connect the 
PEEK tubing to the gas inlet of the SS tube. Similarly the gas outlet was connected to 
a 250 um PTFE tube. Again the gas inlet and outlet, the PTFE tubing in place, were 
tightly fit with Swagelok fittings. Syringe pumps (Harvard, PHD 2000) were used to 
deliver perfluorodecalin (‘FO’) from two syringes and a mixture of gold-seeded silica 
particles and K-gold solution (‘AQ’) from another syringe to the reactor. 
UPCHURCH fittings were used to connect the inlet tubings from the syringes to the 
reactor. A commonly available cross flow upchurch fitting was used as the droplet 




Figure 4.2: Schematic of the experimental setup consisting of infusion pumps, cross-flow droplet 
generator, stainless steel (SS) outer and PTFE inner tubes. The outer tube is pressurised with carbon 
monoxide. The whole setup is within a fume hood. 
 
 
Operation: The Teflon tubing reactor is initially filled with the fluorinated oil. The 
outer SS tubing is then pressurised with the carbon monoxide gas and maintained at 
40 PSI. Flushing of the reactor is continued for 3 hours allowing enough time for CO 
to permeate through the membrane and saturate it. After flushing with CO, the 
aqueous reagent infusion is started. The reagent concentration is varied in terms of the 
volume fraction of gold-seeded silica particles (‘fs’) in AQ (‘fs’ is the total volume of 
the silica spheres/total solution volume).  At the inlet the fluorinated oil is operated at 
a constant total flow rate of 200 µL/min for all experiments.  To study the effect of 
droplet velocity and morphology, for a fixed fs, the flow rate of the aqueous stream is 
varied from 50 to 250 µL/min. At the outlet of the tube, the aqueous phase product 
can easily be separated from the continuous phase as described earlier and is then 
analyzed using a UV-Vis spectrophotometer and characterized using a TEM.  
 
Droplet generation: 
Owing to the excellent wetting of PFD over the tubing walls facile droplet generation 
was possible. The droplets generated were separated from the wall by a thin film of 
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the fluorinated oil. In order to keep the system simple a commonly available 
Upchurch cross flow fitting was used as the droplet generator. Droplet generation in 
cross-flow configuration occurs via flow focussing. The aqueous phase flowing 
through the cross is squeezed by the flow of the continuous phase from the other two 
sides leading to pinching and breakup. Using this simple system, highly monodisperse 
and stable trains of slugs could be generated. Since the experiments were carried out 
in the fume hood imaging the flow was not possible. Flow visualization using the 
same aqueous reagents and PFD were carried out outside the fume hood to observe 
and study the flow characteristics (Figure 4.4). 
4.6 Results and Analysis 
The synthesis of gold nanoshells and nano-islands were carried out using a procedure 
similar to that of the chip method shown in the previous chapter. 250(±20) nm pre-
seeded silica particles suspended in gold salt solution as the aqueous phase (AQ) and 
perfluorodecalin as the fluorinated oil FO (Scheme 1 and Experimental section) is 
used and CO flow at 40 psig is maintained in the outer tube. To test the capability of 
the PTFE based capillary system to synthesize gold-silica nanoshells with tunability 
over morphology, experiments with systematic variations in the reagent 
concentrations with all other parameters kept constant were conducted.  By varying 
the volume fraction fs (%) of gold-seeded silica particles within the droplets, with 
different gold coverages on the silica cores were obtained as expected. 
Operating where the gold ions are limiting, silica particles covered with either 
disperse or almost coalesced nanoislands were controllably produced (Figure 4.3 (a) 
and (b)). When the gold ions concentrations were maintained in slight excess, 
completely coated nanoshells with a thin gold layer over silica were obtained (Figure 
4. 3(c)). Nanoparticle populations with monodisperse gold coverages were obtained in 
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these experiments. The UV-Vis spectra of  the particles obtained is show in Fig 4.3(d). 
The products obtained contained only traces of colloidal gold which is apparent from 
the TEM images and the absence of any prominent signature of colloidal gold in the 
UV-Vis spectra. 
In these experiments, the flow rates were maintained constant such that the droplets 
spend about a minute in the gas-liquid contacting section. As previously discussed, 
considering the  
 
 
FIG 4.3: Gold-silica core-shell particles obtained by changing only the silica volume fraction in the 
reagents at a fixed residence time of ~ 1 minute: TEM images of 230±20 nm silica particles with: (a) 
nano-islands (fs=2.265 x10
-5 in 0.37mM K-gold), (b) almost coalesced nanoislands (fs= 1.7x10
-5 in 
0.37mM K-gold). (c) complete nanoshell (fs= 1.13 x10
-5 in 0.37mM K-gold). (d) Ensemble UV-Vis 
spectra for all particles (a)-(c). 
 
extremely fast kinetics of such electron transfer reactions, the residence time provided 
was sufficient for complete growth of shell over the silica particles. Thus the variation 
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Using a 0.6 m length reactor and operating at about 250 ul/min of the aqueous phase, 
the volume processed using this system (15 ml/hr) is about 25 times higher than that 
of the previously shown chip based method. Duraiswamy and Khan 
64
 using the foam 
based chip system could operate upto 0.5 ml/hr. Sebastian and Santamaria 
97
 using the 
tube based single phase flow setup were able to process approximately 5 ml/hr of the 
particle suspensions. The particle loading in all the demonstrations mentioned above 
was of the order of 10
-5
 gm/ml. In the last two methods, liquid phase reducing agents 
were used, thus the final product obtained would need energy intensive centrifugation 
based cleanup in order to remove the excessive or unreacted reagents. The presence of 
reducing agents like formaldehyde in the product solution has been reported to cause 
degradation of the nanoshells suspensions. Due to the excellent wetting of PFD over 
the PTFE walls, no fouling was observed in the tubing after repeated usage for over a 
month. Due with the structural stability of PTFE and absence of wall deposition, the 
reactor system could be used for months in a row without any need for replacement of 
the tubing.  
4.6.1 Effect of droplet morphology and flow velocity on product quality 
In the capillary system, droplet generation using the cross flow fitting setup as 
described in the previous section was stable and reproducible. Operating at different 
aqueous phase flow rates with the continuous phase kept constant, droplet trains with 
different morphologies were obtained. For nanoshell synthesis, keeping the 
concentration of the reagents at the inlet the same, varying the droplet shape and 
velocity was found to affect the end products obtained.  
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In these experiments the aqueous phase reagent flow rates was varied from 50 µL/min 
to 250 µL/min with the continuous phase flow rates kept constant throughout at 200 
µL/min. Runs were carried out using two different, but fixed silica to gold ion ratios.  
At low velocities almost spherical droplets with diameters equal to that of the tube 
were obtained. With increasing aqueous flow rates, the length to diameter ratio (L/D) 
of the droplets increased (Figure 4.4). At the highest flow rates slugs of about 2.5 
times the tube diameter were generated.   
 
Figure 4.4: Microscopic images of droplet formation using the cross flow fitting. (a)-(d) show 
increasing droplet lengths with increasing aqueous flow rates keeping oil flow rates constant. 
 
TEM micrographs of nanoparticle populations obtained for fs= 1.13 x10
-5
 in 0.37mM 
K-gold where the gold ions are slightly in excess are shown in Figure 4.5 (a)-(d). At 
low flow velocities the coverage of gold over the silica particles is highly non-
uniform. Free colloidal gold formed outside the silica particles was prominent here.  It 
can be seen that as the flow velocity increases the uniformity of gold coverage over 
silica improves with the best results obtained at the highest tested flow rates. The 
samples were analyzed using UV-Vis absorbance spectroscopy the results of which 
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can be seen in Figure 4.5e. The UV-Vis spectra show a strong signature of colloidal 
gold at 520-530nm for products obtained at the lowest flow rates. The colloidal gold 
signature gets weaker with increasing flow rates and almost disappears at the highest 
flow rates. The plasmon band of gold nanoshells can be seen to red shift with 
increasing flow rates which indicates increasing coverage of gold over silica to form 
complete/smooth nanoshells. 
 
Figure 4.5: Gold-coated silica particles obtained by changing droplet velocity(v) and residence 
times(τ)( at fixed gold and silica concentrations. TEM images of 230±20 nm silica particles (fs= 1.13 
x10-5 in 0.37mM K-gold): (a) v=5.3 mm/sec & τ =113 sec (b) v=7.4 mm/sec & τ =81 sec (c) v=8.4 




When the experiment is carried out with concentrations such that the gold ions are 
highly in excess, a similar trend in coverage of gold over silica and colloidal gold 
formation can be observed with increasing flow velocities (Figure 4.6). Here the 
amount of colloidal gold formed outside is higher and at the highest velocities 
particles with thicker shells are obtained. 
 
Figure 4.6: Gold-coated silica particles obtained by changing droplet velocity(v) and residence 
times(τ)( at fixed gold and silica concentrations. TEM images of 230±20 nm silica particles 
(fs=0.85x10
-5 in 0.37 mM K-Gold) ): (a) v=5.3 mm/sec & τ =113 sec (b) v=7.4 mm/sec & τ =81 sec (c) 
v=8.4 mm/sec & τ = 71 sec  (d) v=9.5 mm/sec & τ =63 sec.  
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In these experiments, residence time is one of the parameters that is not maintained 
constant while changing droplet sizes and shapes due to current experimental 
limitations such as fixed reactor length. However even at the highest flow rates the 
residence time available is about 1 minute, which as discussed previously should be 
sufficient for complete reaction. Hence the variations in the products can be safely 
assumed to be unaffected by the different residence times for different conditions. 
In microscale flows as demonstrated previously, the rapid mixing and homogenization 
ensures that CO concentration in the entire slug is uniform thus ensuring uniform 
growth over all the silica particles. The rapid mixing induced in liquid slugs in 
microchannels is due to the shear between the moving slug and the wall; shorter the 
width, higher is the confinement and hence greater is the mixing.
161, 162
 In millimetre 
length scales the confinement is reduced and hence the mixing may not be as 
enhanced as in microchannels for the same velocities. The increase in the length 
scales also means increased diffusion times for homogenization. The mixing time in 
slugs flowing in millimetre sized channels have been determined to be faster with 
increasing flow velocity. 
163, 164
 The internal recirculation patterns within droplets 
have also been found to be dependent on the droplet shapes, with slugs experiencing 
better mixing rates compared to spherical droplets.
162, 163
 Kashid and Agar 
164
 used 
CFD simulations to determine slug size and velocity effects on mixing. For organic 
and aqueous phase droplets with wall film, for a fixed droplet shape the mixing times 
varied between 3 to 4 (expressed in terms of time required to traverse a distance equal 
to how many times its own length before complete mixing is achieved) when  the 
flow velocities were varied between 1mm/sec to 200 mm/sec. This translates to 
mixing times ranging from 10 sec to 10
-2
 sec with changing velocities for the 
parameter space explored. This shows the strong dependency of mixing times on flow 
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velocity. The mixing times for different droplet shapes were also studied starting from 
L/D <1 upto L/D> 2.  At low flow velocities, longer droplets were found to have 
faster mixing compared to spherical droplets with mixing times reducing with 
increasing velocities. The increase in mixing time with decrease in droplet aspect 
ratios was also reported by Tanthapanichakoon et.al.
163
 who used CFD simulations to 
determine mixing rates in slug flows. Using the plots from Kashid and Agar, an 
approximate value of the mixing time in the system used is found to be ~0.8 to 1 sec 
for velocities of 10 mm/sec with mixing times increasing with lowering velocities and 
droplet aspect ratio.  
The combination of changing droplet shape and increasing velocity can thus be 
attributed to affect the mixing rates and hence the final product quality in such mass 
transfer controlled systems. Estimation of mixing patterns and time scales in different 
droplet shapes and velocities with control over residence times and concentrations is 
necessary for further careful analysis of the interplay of these factors but is currently 
beyond the scope of this thesis due to experimental limitations [Refer Future Work 
Section]. However, these findings provide valuable insight into the parameters needed 
to be studied for optimizing production rates and quality, and further elucidate, how 
crucial, rapid mixing and mass transfer become while scaling-up such syntheses and 
the advantages of  using droplet based systems.   
4.7 Conclusion 
In this chapter a tube based “millifluidic” system is developed and demonstrated for 
the scaled-out synthesis of complex-speciality nanomaterials: silica-gold nanoshells. 
The novelty of this platform arises from its simplicity; using commonly available 
inexpensive components: SS tubes, Swagelok & Upchurch fittings and PTFE tubing, 
a highly robust system is developed which can be easily operated. Highly 
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monodisperse populations of nanoshells and nanoislands could be synthesized using 
this method. Using a single tubing of less than a meter in length, upto 25 times 
increase in throughputs compared to previously demonstrated continuous synthesis 
methods is achieved. By increasing the reactor length and hence residence time, the 
volumetric processing rate can be easily increased further with only a single reactor. 
However, with such great operational benefits, a modest scale-out of the current 
system to include 8-10 reactors running in parallel can be achieved in a facile manner 

















With the boundaries of nanotechnology being pushed every day, the science stands at 
a place where new developments are not being pushed into the real world as applied 
technologies due to limitations in existing production methods of such complex 
materials. The development of scalable microfluidic techniques for controlled 
nanomaterials synthesis is imperative for the progress of nanotechnology as an 
industry. This thesis aimed to bring the exisisting microfluidic technologies for 
complex nanomaterials synthesis a step closer to achieving sustainable, large-scale 
and economical production. 
Thesis Contributions 
Plasmonic gold nanoshells synthesis was the focus of this work. The development of 
chip based microfluidic platform for synthesizing such nanoshells using a reactive gas 
like carbon monoxide was achieved first. The parallel channel configuration used in 
this method enabled highly controlled gas-liquid contacting, thereby making possible, 
never achieved before regulation in the dosage of the reactive gas into the reacting 
system, just by varying residence times. In doing this, the extent of the reaction could 
be controlled and hence the morphology of the nanoshells: coverage of gold over the 
silica particles. Synthesis of monodisperse populations of particles with varying gold 
coverages and thus optical properties was possible using this method. The two main 
advantages this platform gave over existing techniques were: 1. Integration of a 
reactive gas into the reactor in a safe and efficient manner and overcoming the 
conventional mass transfer problems faced in gas-liquid fast reactions. 2. Tunability 
of particle morphologies by varying a simple process parameter (residence times) 
thereby making operation easy.  
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Scale-up of the developed microfluidic system formed the second part of the work. 
Instead of following the conventional parallelization path, an increase by an order of 
magnitude in the scales of operation was pursued. A tube based system capable of 
using a reactive gas for synthesis was developed. Much like the parallel channel 
configuration used for the chip based method; a tube-in-tube configuration was used 
for integrating the reactive gas into the system. Using carbon monoxide as the 
reducing agent, high monodisperse gold nanoshells and nanoislands could be 
synthesized using this reactor. Achieving product qualities rivalling that of the chip 
method, a 25x increase in the processing volumes could be achieved. All this could be 
achieved using a highly simple and economical system built with easily accessible 
tubings and fittings. 
Future directions 
Further Scale-up 
1. The throughput of the millifluidic system was tested using only a short reactor 
(60 cm long) with an ordinarily available PTFE membrane.  Building a system 
with a longer reactor using a membrane with higher gas permeability can 
enable 3-4x increase in the processing rates. 
2. Modest parallelization of the system to include a set of 8-10 reactors in the 
system using readily available module flow splitters can be implemented to 
considerable increase the throughput volumes.  
3. Increasing particle loading is an alternative path to obtain higher throughputs. 
However this can lead to aggregation problems (as discussed in section 4.2) 
that affect the final product quality. Careful optimization of the parameter 
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